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Concentration fluctuations in the binary mixture hexane-nitrobenzene
with static and dynamic x-ray scattering
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We report on a small-angle x-ray scattering study of the hexane-nitrobenzene binary fluid mixture near its
critical point. The use of an ultrabright x-ray undulator synchrotron source enabled us to measure the tempera-
ture dependence of the static structure factor with unprecedented contrast, and the large coherent flux of this
source provided a probe for the fluctuation dynamics via the x-ray photon correlation spectroscopy technique.
We find that the intensity and correlation lengths diverge with the expected three-dimensional Ising critical
exponents, and the dynamical correlation function decays exponentially with correlation times as small as
250 ms. In the range of wave vector studied here (1.2–2.631023 Å21) the concentration fluctuations relaxed
diffusively with a diffusion constant consistent with that determined from visible light scattering measure-
ments.
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I. INTRODUCTION

Due to the large coherent flux of third generation synch
tron sources, the technique of x-ray photon correlation sp
troscopy~XPCS! is now performed on an increasing varie
of samples@1–9#. In a XPCS experiment, one studies t
time correlation function of fluctuations of a speckle patte
@10#, which is produced when a beam of coherent x rays
scattered by spatial inhomogeneities in a material. XPCS
the potential to measure the relaxation rate of the dyna
structure factor of materials over a wide range of time sca
~1 ms-1000 s! in and out of thermodynamic equilibrium a
wave vectors inaccessible to visible light (0.004–2 Å21).
The technique of visible PCS@11# allowed for great advance
in our understanding of dynamical critical phenomen
XPCS experiments should expand our understanding of s
length scale fluctuations, as well as enable studies of opa
materials such as metal alloys.

Most of the results reported to date have been perform
on systems with a large length scale microstructure wh
greatly enhances the scattered intensity due to the cohe
addition of the scattering from the large number of atoms
the microstructure. This includes aggregate systems suc
colloids @2,3,6,8,9# and polymer micelles@5#, spinodally de-
composing systems such as sodium borosilicate glass@12#,
and systems with antiphase domains such as metal a
@1,4,13#. Binary mixtures of small molecular weight fluid
have much faster fluctuations (ms to s!, and they typically
scatter more weakly than systems studied previously.
such, they represent an important test of the general app
bility of XPCS to a wide variety of materials.

In this paper we report the scattering rate of composit
fluctuations in a binary mixture,n-hexane (C6H14) and ni-
trobenzene (C6H5NO2), measured with small angle x-ra
scattering~SAXS! on a sample at the critical compositio

*Also at the National Synchrotron Light Source, Brookhaven N
tional Laboratory, Upton, NY 11973.
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Although simple binary fluids have been studied extensiv
by light and neutron scattering techniques@14,15#, only one
SAXS experiment has been reported on binary fluids an
did not provide a determination of the absolute scatter
intensity from composition fluctuations@16#. It is also inter-
esting to point out that due to the extremely small source s
of third generation synchrotron sources and their large
crease in brilliance over laboratory sources, our experim
was performed with much better resolution than previo
work done on a rotating anode source, which was perform
with tight collimation in one direction, but no collimation in
the other perpendicular direction@16#. The high degree of
collimation of our setup simplifies the data analysis cons
erably.

The mixture ofn-hexane and nitrobenzene has a relativ
high x-ray contrast making it a good choice for XPCS. W
report below the XPCS measurements done on a simple
nary fluid near its critical point. With a coherent flux of 8
keV x rays equal to 3.631010 photons/s in an aperture o
(5 mm)2, we measured scattering rates of about 100–1
photons/s per speckle for a temperature within 0.06 °C fr
the critical temperature and with a 3 mmthick sample. We
measured dynamic correlation functions with simple exp
nential decays, the fastest being approximately 250ms. Our
measurements show that it will be feasible to use XPCS
study the dynamics of even such weak scatterers as these
molecular weight hydrocarbon fluid mixtures. This furth
demonstrates the general applicability of XPCS to a w
variety of materials. The measurements reported only c
lected and analyzed a single speckle and are limited to w
vectors that are also accessible with visible light scatteri
However, with modest amounts of multispeckle signal av
aging such as with a fast row-shifting technique using
charge-coupled device~CCD!, tests of the dynamics of criti-
cal fluctuations at higher wave vector than previou
achievable by visible light PCS should be quite feasible. O
results are also noteworthy in that the hexane-nitrobenz
mixtures showed no detectable signs of radiation dam
even under the high intensity of a so called ‘‘pink’’ undulat
beam at a third generation source such as the Advanced
ton Source~APS!. This is in contrast to preliminary evidenc
obtained by us as well as other researchers on colloidal

-

©2002 The American Physical Society07-1



ra

th

bi

ca
f

g
n
s

d-
g

als
tru
he
a-
rin
e
a

r
at
a

t
in

.
l

m-
ted

c-
set

stal
r-

s
a-

. 1.
tal

1.1
ost
ctor
as

ind

e-
pen-
ere
tor
r
he
t to
It

o-
mm
is
on-
m-

le to
ed

re-
ded

DUFRESNE, NURUSHEV, CLARKE, AND DIERKER PHYSICAL REVIEW E65 061507
polymer samples, which are typically quite sensitive to
diation damage or x-ray induced charging effects.

II. THEORY AND DATA ANALYSIS

Binary mixtures are in the same universality class as
three dimensional~3D! Ising model@14–16#. The structure
factor for scattering from concentration fluctuations of a
nary mixture can be written as

S~q,T!}kBTxG~qj!, ~1!

whereG(x) is a scaling function,T the temperature,x the
osmotic compressibility,q the wave vector, andj the corre-
lation length of the composition fluctuations@14#. Near the
critical point of a continuous phase transition, many physi
properties of a system can be expressed as power laws o
reduced temperaturet5T/Tc21, where Tc is the critical
temperature.

Previous light scattering measurements onn-hexane–
nitrobenzene mixtures determined that the correlation len
j5j0t2n, with n50.63560.005 and the bare correlatio
length j053.5460.15 Å. The osmotic compressibility i
found to scale asx}t2g with g51.2360.01 @14#. No exact
analytical expression is known forG(x) for the 3D Ising
universality class@14–16#. We simply model it with an
Ornstein-Zernicke formG(x)5(11x2)21. Since in our ex-
periment,x,3, the Ornstein-Zernicke form is more than a
equate to modelG(x) @15#. Thus the measured scatterin
intensity,I (q,T), can be written

I ~q,T!5
I 0t2g

11q2j0
2t22n

1B~q!, ~2!

whereB(q) includes parasitic scattering from other materi
in the x-ray beam path and a temperature independent s
ture factor from each of the individual components of t
mixture. Izumi@16# has pointed out the importance of me
suring this background carefully by measuring the scatte
from each individual component in the sample cell and th
modeling the background from the individual components
a weighted average of their individual backgrounds.

Since it is difficult to measureB(q) properly, we chose
another approach to model the measured structure facto
troduced by Damayet al. @15#. We use the scan performed
the highest temperatureTmax as a rough approximation of
background scan and fit the difference

I ~q,T!2I ~q,Tmax!5I 0F t2g

11q2j0
2t22n

2
tmax

2g

11q2j0
2tmax

22nG ,

~3!

for all the scans withT,Tmax. This approach is sufficien
whenB(q) is temperature independent and we utilized it
our data analysis. In this fit, the parametersI 0 ,Tc ,j0 ,n, and
g are optimized by minimizing thex2 of the whole data set
We are able to deriveB(q) by subtracting the small critica
scattering contribution from the data atTmax.
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III. EXPERIMENTAL METHOD

A. SAXS experimental setup

This experiment was performed on the undulator bea
line at sector 7 of the Advanced Photon Source, opera
by MHATT-CAT, the University of Michigan/Howard
University/Lucent Technologies-Bell Labs Collaborative A
cess Team. The fundamental energy of the undulator was
to 11.0 keV. The x-ray beam was incident on a double cry
Si ~111! monochromator set to diffract 11.0 keV x rays co
responding to a wavelengthl051.1271 Å, with a bandpas
of approximately 0.014%. With an ion chamber, we me
sured a monochromatic intensity of 7.731010 photons/s in
an aperture of (100mm)2 incident on the sample for a ring
current of 100 mA.

The experimental setup is schematically shown in Fig
We collimated the monochromatic beam in our experimen
hutch with two 100mm3100 mm apertures~A1 and A2 in
Fig. 1! defined by slits and separated by approximately
m. These slits will reject stray parasitic scattering from m
of the upstream beamline components in the wave ve
range of interest in this experiment. A third guard slit A3 w
set to 150mm3150 mm and placed approximately 20 cm
behind aperture A2. The sample was placed 6 cm beh
aperture A3.

At the end of this flight path, a stepper motor driven d
tector stage could move various detectors in a plane per
dicular to the incoming x rays. The scattered x rays w
measured with an Amptek XR-100CR detector. This detec
has a quantum efficiencye50.82 at 11.0 keV. The detecto
output was amplified by a fast Canberra 2025 amplifier. T
detector resolution was defined by another aperture se
600 mm3600 mm, and placed 2.95 m from the sample.
defined a detector resolutionDq52p/1.1271 Å3600 mm/
2.95 m51.1331023 Å21.

The sample was mixed at a critical composition@14# of
41.6 mole % of nitrobenzene by weighing the two comp
nents with a precision scale. The sample cell was a 10
thick Al cylinder, sealed by two 2 mil Kapton windows. Th
cell was mounted on an Al block that was temperature c
trolled by a Lauda closed-loop water bath. The sample te
perature, measured with a precision thermistor, was stab
within 20 mK during the duration of a scan. The measur
x-ray transmission from the mixture was 35%, which cor
sponds to 1.05 x-ray absorption lengths. Using data provi

FIG. 1. The experimental setup.
7-2
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CONCENTRATION FLUCTUATIONS IN THE BINARY . . . PHYSICAL REVIEW E65 061507
in Table I, the mixture’s penetration depth, calculated
weighting each component’s mass absorption coeffic
(rd)21 with its weight fraction, is 6.7 mm which compare
reasonably well to the measured 9.5 mm deduced from
x-ray measurements.

B. XPCS experimental setup

For the XPCS measurements, we set the undulator fun
mental at 9.0 keV. The white beam was collimated w
white beam slits set to nominally 100mm by 100 mm and
placed 27 m from the source. In the experimental hutch 3
from the source, two small Pt coated mirrors separated
0.95 m and set at 0.45° were used to produce a pink be
These mirrors act as a low pass filter for the white beam.
doubly reflected beam had a spectrum with an average
ergy of 8.73 keV, with a bandpass ofDE/E52.55%. A co-
herent x-ray intensity as large as 3.631010 photon/s in an
aperature of (5mm)2 was incident on the sample. Assumin
the spectrum is Lorentzian, one can show that the longitu
nal coherence length for this beam is approximatelyl l
50.318l/(DE/E)517.7 Å @17,18#. For the XPCS setup
the 1 m long flight path between A1 and A2 in Fig. 1 w
replaced by two small UHV mirror tanks separated by a b
low. The aperture A1 was a 0.2 mm diameter hole made
1 mm thick Ta foil. The various distances between the ap
tures are shown in Table II.

The smallest transverse coherence length at the APS
the horizontal since the horizontal source size is appro
mately a factor ten times bigger than the vertical size. T
coherence length is thusl h5lRe /(2Apsx), where Re
537 m is the source-sample distance, andsx5300 mm is
the rms horizontal source size@19#. For the pink beam, the

TABLE I. Some physical constant ofn-hexane and nitroben
zene.

n-hexane Nitrobenzene

Chemical formula C6H14 C6H5NO2

Density (g/cm3) 0.659 1.196
Molar mass 86.18 123.11
Weight fraction in mixture~%! 49.5 50.5
Z 50 64
Volume per molecule (nm3) 0.217 0.171
re (nm23) 230 374.5
d ~cm! 1.14 0.387

TABLE II. Some useful distances and experimental paramete

Distances SAXS setup XPCS setup

A1-A2 ~m! 1.1 2.214
A2–A3 ~m! 0.2 0.203
A3–sample 0.06 0.06
Sample–A4 2.95 1.24
Average energy~keV! 11.0 8.73
Speckle size (mm) 60 20
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transverse coherence length is 4.8mm, thus aperture A2 was
set to 5 mm35 mm to select a transverse coherent bea
In Appendix A, we show that the longitudinal coherence co
dition for a pink beam is valid for wave vectors below 1
31023 Å21. For wave vectors above this value, the contr
of the speckle pattern is reduced@4,18#. Given that the relax-
ation rates for the mixture are increasing quadratically w
increasing wave vectors, one is only able to measure s
cient scattering rate per speckle per correlation time near
limiting wave vector, thus the pink beam is very well suite
for such a system.

We show in Appendix A that the speckle size in th
detector plane is approximately 20mm. We were able to
measure dynamic correlation function on the hexa
nitrobenzene binary mixture with a detector aperture of
mm320 mm, but typically we opened up the detector ap
ture to improve the signal to noise ratio of the measurem
A Brookhaven Instrument BI-30 hardware correlator w
used to measure the dynamical correlation functions. An
vacuum horizontal 200mm thick Ta wire acted as a beam
stop before the exit Be window of the 1 m long detec
flight path.

The sample oven was redesigned for the XPCS exp
ment. The sample oven is a standard three stage oven,
as an Al cylindrical multilayered enclosure@20#. The outer
shell is at room temperature, and surrounds an active s
whose temperature is controlled by a Lauda closed-loop
ter bath. The inner shell is heated by an electrical elem
controlled by a Lakeshore DRC-92C controller. The stabil
of the temperature as read by an independent thermistor
stable to 5–10 mK. The aluminum sample holder is desig
as a coin stack of thin cylinders with a large enough sam
volume to provide a weigh in mixing for the sample. Th
thickness of the sample is 3 mm along the beam and te
nated by two 5 mil Be windows.

IV. RESULTS

A. SAXS results and absolute cross section

Figure 2 shows the temperature dependence of the m
sured SAXS scattering rate for the critical composition.
expected, the scattering rate increases as the temperatu
lowered towardTc . The left-right asymmetry in the scatte
ing rate is most likely due to an asymmetric backgrou
B(q) ~see Fig. 3!. To fit the data, we usedTmax524.51 °C
and subtracted this scan from all the other data sets.
assumed that the error bars on each scan follow a Poi
distribution. The error bars for the left-hand side of Eq.~3!
were obtained by adding the error bars from each individ
scan in quadrature. We fit all the data sets simultaneousl
Eq. ~3! convolved to the detector resolutionDq.

Figure 3 shows the results of the fit to all the data
20.01<T,25.35 °C. The results for the three fit paramete
varied were Tc519.12 °C, j052.48 Å, and S(q50)
54.86 photons/s with ax251.83. The measured data an
fits for two extreme temperatures are shown,T520.01 and
23.64 °C. The fits are quite good. If one subtracts the criti
component of the scattering found in the fit function, one c

.
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DUFRESNE, NURUSHEV, CLARKE, AND DIERKER PHYSICAL REVIEW E65 061507
test for the consistency of the approach. The dashed
dotted lines in Fig. 3 represent the maximum variability
the estimated background. The background for nega
wave vector is constant over the temperature range but s
variations are seen for positive wave vectors. The ba
ground is constant far away fromTc . Figure 3 also shows
our estimate of the background with the sample in the be
It was obtained by adding the measured background with
any sample cell in the beam and the scattering rate from
2 mil Kapton windows, and then scaling this sum by t
measured transmission of the sample. The deduced b
ground from the fits are higher than the estimated para
scattering from the beamline and windows. This is m
likely caused by parasitic scattering from the sample c
itself which was not in the beam path in our measuremen
the parasitic background.

Table III describes in more detail our fit parameter resu
We fit all data sets withTmin<T,Tmax to Eq. ~3!, using

FIG. 2. The measured scattered intensity for then-hexane–
nitrobenzene mixture versus temperature. All scattering ra
reported in this paper are normalized to an APS ring curren
100 mA.

FIG. 3. The measured scattered intensity for two temperat
T520.01 °C~squares! and T523.64 °C~circles!. The solid lines
are fit to Eq.~3!. The estimated backgrounds forT520.01 °C~dot-
ted line! and T523.64 °C~dashed line! are shown as well as th
best estimate of the parasitic scattering from the optics (1).
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fixed critical exponentsn50.635 andg51.23. We found
that by taking out the scan closest toTc , T519.85 °C, the
x2 of the fits improved by 30 %. If this scan was included
the analysis, the fits would not converge to reasonable
ues, and the deduced background for positive wave ve
would become negative. All type fits withTmin.19.85 °C
results in nearly identical fit parameters within error. F
future discussion, we will use the results of the fit wi
Tmin520.01 °C.

We can now rescale the fitted model for concentrat
fluctuations to the absolute volume specific differential cro
section given by

dsV

dV
5

I ~q,T!2B~q!

eVIie
2Dz/dDV

5
I ~q,T!2B~q!

eDzFe2Dz/dDV
, ~4!

where I i is the incident x-ray intensity,F5I iA57.731010

photons/s is the total flux in the illuminated areaA, V
5ADz is the illuminated volume,Dz51.0 cm is the sample
thickness,e2Dz/d50.34 is the measured sample cell tran
mission, e50.82 is the quantum efficiency, andDV
5(600 mm/2.95 m)254.1331028 s is the detector solid
angle. Using results of the fit forTmin520.01 °C, the volume
specific absolute differential cross section for concentrat
fluctuation in the mixturen-hexane–nitrobenzene is

dsV

dV
5

5.4731023 cm21t2g

11q2j0
2t22n

. ~5!

It is often important to predict the scattering rate from
binary mixture in order to find the materials that have t
highest cross section. One can show that the absolute c
section from a binary mixture can be written approximate
as

dsV

dV
5r e

2~Dre!
2kBTxG~qj!, ~6!

where r e52.8310215 m is the classical electron radius
(Dre)5144e/nm3 is the electron density difference betwee
the mixture’s components~see Table I!. If one assumes tha
the compressibility can be approximated by the osmo
compressibility of an ideal gas mixture,x, with a critical
multiplying factor ~this is valid for hexane-nitrobenzen
within a factor 2 using light scattering results!, then x
5t2gc(12c)^v0&/(kBT). Here c is the concentration in
mole fraction and^v0& is the average molecular volume
Then Eq.~6! can be rewritten as

s
f

es

TABLE III. Results of fit parameters to Eq.~3!.

Tmin x2 Sq0 j0 Tc

(°C) ~photons/s! (Å) (°C)

19.85 2.526 4.2360.06 2.3460.02 19.2460.01
20.01 1.830 4.8660.08 2.4860.02 19.1260.01
20.12 1.767 4.8160.08 2.4660.02 19.1360.02
20.28 1.684 4.9160.10 2.4960.02 19.1060.02
7-4
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CONCENTRATION FLUCTUATIONS IN THE BINARY . . . PHYSICAL REVIEW E65 061507
dsV

dV
'r e

2~Dre!
2c~12c!^v0&t

2gG~qj!

'k* t2gG~qj!. ~7!

Note that for strong scattering from a binary system, it
important to have a large electron density difference betw
the components and a small average electron density f
large x-ray penetration depth. This is the case for hexa
nitrobenzene mixtures. Usingc50.416 for the critical com-
position of nitrobenzene, and̂v0&50.194 nm3 for the aver-
age molecular volume, the prefactor in Eq.~7! is k* 57.66
31022 cm21, which is a factor 14 more than the measur
factor for the cross section in Eq.~5!. Although the predicted
intensity is overestimated, we have found Eq.~7! helpful to
select a strongly scattering system. Note that if one tra
forms estimates of the absolute cross section derived for
tron scattering to x-ray scattering using relationships deri
in the work of Schneideret al. @21#, transforming neutron
scattering lengths to x-ray scattering lengths, i.e., (Zre), one
finds that the theoretical estimate becomes a factor 16 la
than measured. Thus, Eq.~7! agrees well with estimates o
the cross section derived from neutron scattering. It is
clear why this difference remains.

We next discuss the feasibility of an XPCS experiment
this mixture. If we set a coherent aperture of 5mm
35 mm in front of the sample, we will lose a facto
(100/5)25400 in signal compared to Fig. 2. Similarly in a
XPCS experiment with a 5mm35 mm beam, one mus
close the slits A4 to limit the detector area to a speckle a
The speckle size is of orderlRd /a, whereRd is the sample-
detector distance anda is the aperture size. At 2.95 m and 1
keV, the speckle size is thus 67mm. This will further reduce
the scattering rate by a factor (600/67)2580. Figure 4 shows
the predicted coherent scattered intensity per speckle

FIG. 4. The predicted scattering rates per speckle forn-hexane
and nitrobenzene for coherent conditions~solid line! for different
DT5T2Tc . The scattering rate per speckle per correlation ti
~dashed line!. The symbols here help to distinguish the differe
predictions.
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function of q andDT. We have also assumed a conservat
gain of a factor 100 in incident flux due to the use of a pi
beam.

The real figure of merit for a PCS experiment is the cou
rate per speckle per correlation time. For simplicity, we
timate the correlation time with the Stokes-Einstein relati

t56phj/~kBTq2!, ~8!

where h is the shear viscosity. The shear viscosity of t
n-hexane–nitrobenzene mixture is 0.0053 P@14#. The corre-
lation time can be conveniently written ast54.67
310210h@P#j@Å#/q2@Å22#. The correlation time of the
fluctuations 0.1 °C away fromTc for a wave vector of
0.004 Å21 is 61 ms, which can be sampled with a standa
hardware correlator. In Fig. 4, the product of the calcula
correlation time,t, with the predicted count rate per speck
is also shown. Thus with an improvement in x-ray optics
using a pink beam, providing an increase in coherent flux
a factor 100 over the current setup, it is possible to obt
accurate decay rates 0.1 °C away fromTc .

B. XPCS results

Figure 5 shows the temperature dependence of the s
tered intensity for the mixture ofn-hexane and nitrobenzen
normalized to a constant incident coherent intensity of
31010 photons/s in an aperture of (5mm)2. The incident
intensity with the pink beam was a factor 187 larger th
with the monochromatic beam, but the sample thickness
reduced by a factor 10/3. The background measured with
a sample and scaled for the transmission of the sam
~29.5%! is shown in Fig. 5. For all data, the background
smaller than the scattered intensity forq.0.005 Å21.
Closer to the main beam, the background becomes a la
fraction of the total scattered intensity. The intensity sa
rates at 19.313 °C, and the data atT519.291 °C are below
Tc . Thus we estimate that the critical temperature isTc
'19.30 °C. This measurement is slightly different from o
SAXS results ('19.12 °C), likely because the sample ce
was redesigned for the XPCS measurement to improve
temperature stability. With this new oven, the sample w

e

FIG. 5. The scattered intensity vs the wave vectorq for several
temperatures in a (20mm)2 detector area.
7-5



e
Th
th

he
r
re

e

ig

,
wa

er

si
t

ec-
de-

ally

n
s is

e

ea-
ced
le
d

e
-
es

im
-

l to
re is
e

DUFRESNE, NURUSHEV, CLARKE, AND DIERKER PHYSICAL REVIEW E65 061507
more shielded from the warm surroundings and the th
mistor was closer to the sample than in the first design.
excellent temperature stability achieved was essential in
measurement.

Figure 6 shows the dynamic correlation function of t
scattered intensity versus the delay time of the correlato
q50.001 56 Å21, andT519.363 °C. The detector apertu
A4 was set to 58mm358 mm to optimize the signal to
noise ratio of our data collection~see below!. The sampling
time was 25ms, and typical collection times were on th
order 30–60 min~see Table IV!. The data for the first delay
time are affected by dead time, thus it is removed from F
6. The correlation function was fit to

g2~ t !215
^I ~q,t !I ~q,0!&

^I &2
215b exp~22t/t!, ~9!

whereb50.0137 is the contrast andt5805 ms the relax-
ation time of composition fluctuations of the mixture.

Figure 7 shows the contrast,b, and signal to noise ratio
SNR, as a function of detector aperture size. The SNR
calculated from the data by the ratio of the fittedb, divided
by the rms noise at long time delay estimated over sev
adjacent correlator channels~squares!. The results shown in
Fig. 7 are representative of the dependence on detector
but the vertical scale is somewhat sensitive to the amoun

FIG. 6. The measured correlation function versus the delay t
at q50.001 56 Å21 andT519.363 °C. The solid line is an expo
nential least squares fit described in the text.
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parasitic scattering collected, which depends upon wave v
tor, among other things, and generally increases with
creasing wave vector. With a detector aperture of (20mm)2,
we measured a contrast as high as 8%, although we typic
opened the detector aperture to improve the SNR ofg2.

A simple model@17# for the dependence of the contrast o
detector aperture due to spatial averaging of the speckle
given by

b5
bo

11A/As
, ~10!

where bo is the contrast in the limit of zero detector siz
~i.e., no spatial averaging!, A is the detector area, andAs is
the speckle area. A fit of this equation to the contrast m
surements is shown in Fig. 7 as the solid line. The dedu
speckle size is 33mm andbo is 6.3%. The deduced speck
size is somewhat larger than the 20mm we estimated base
on our aperture size. However, the data with detector size.
25 mm were collected with sample times of 25ms whereas
data with detector size,25 mm were collected with sample
times of 50 ms due to their lower SNR. Thus there may b
some additional reduction inb in Fig. 7 due to time averag
ing of the 350 ms relaxations for smaller detector apertur

e

FIG. 7. The contrast versus the detector aperture~left axis,
circles!. The solid line is a fit as discussed in the text. The signa
noise ratio calculated from the data versus the detector apertu
also shown~right axis, squares!. The dashed line is a guide to th
eye. The calculated SNR from Eq.~11! ~diamonds!.
e

TABLE IV. Fit parameters atT519.363 °C for the mixturen-hexane and nitrobenzene.b is the contrast,

ands is the standard deviation of the correlation function, thusb/s is theS/N ratio of our measurement. Th
ratio of the backgroundB(q) over the total intensityI (q) is also shown.

q (Å21) ^I & ~photons/s! Collection time~s! t (ms) b ~%! b/s B(q)/I (q)

0.00120 12852 1195 2135.5 0.274 5.6
0.00156 4567 1079 804.7 1.37 11.3 0.56
0.00209 2339 1990 379.6 1.57 8.2 0.24
0.00209 2031 2164 366.1 1.19 5.5 0.24
0.00261 1475 3822 252.0 1.93 6.8 0.16
0.00261 1509 5144 283.5 1.07 6.05 0.16
7-6
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which is not present for larger apertures. Nevertheles
simple model of spatial averaging explains the data q
well.

The dependence of SNR shown in Fig. 7 is also ea
understood. For small detector apertures, the increasing
noise reduces the SNR since the measurements were a
the same total time duration. At larger detector apertu
spatial averaging of the speckles reduces the SNR. We fi
maximum in the SNR for a detector aperture which is' 2 to
3 times the speckle size, as expected based on exper
with visible light PCS.

In Fig. 7, we also plot the SNR from a calculation pr
sented in Appendix A of Ref.@8#. One can show that the
signal to noise ratioRS.N in the limit of small count rate
follows

RS.N5b^I &A TDt

11b
, ~11!

where^I & is the average count rate,T the experiment dura
tion, andDt, the sampling time. Both calculated data s
have a peak at the same detector slit opening of 56mm. Eq.
11 is quite convenient to determine an experimental pro
dure for efficient data collection.

Table IV shows the fitted parameters for several wa
vectors at the same fixed temperature. For two wave vec
the data was repeated twice. The correlation time was ove
quite reproducible given that the data collection was rep
duced several hours after it was first taken. This consiste
also shows that the sample was not easily radiation dama
In fact, none of our observations indicated that the sam
was affected by the x-ray beam. As noted in the Introducti
this tolerance to high intensity x-ray beam is remarka
among soft condensed matter, organic systems, such as
loids or polymers, which are generally much more susc
tible to radiation induced charging or damage effects. In t
case, we speculate that the low viscosity of the mixture
concomitant high diffusion coefficient contribute to allevia
ing the effects of any radiation damage that may occur.

Figure 8 shows the relaxation rate versus the square o

FIG. 8. The relaxation rate (1/t) versus the square of the wav
vector. The solid line is a linear least squares fit to the data.
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wave vector for the critical mixture atT519.363 °C. In
Table IV, we noticed that the correlation time for the sma
est wave vector was much larger than expected. The sign
noise ratio of the correlation function is small at this wa
vector and the intercept at zero delay time ofg2 is much
smaller than expected. For a wave vector so close to the m
beam, we believe that the stray parasitic backgroundB(q)
reduces the contrast and signal to noise of ratiog2. Further-
more, we believe that the scattered field from the sampl
heterodyning with the main beam which acts as a refere
signal. When such a phenomena occurs, it is well known
the measured contrast andS/N ratio of the correlation func-
tion is reduced, and the correlation time is twice as long a
a homodyne measurement. In Fig. 8, we have thus divi
the correlation time of the smallest wave vector measured
a factor 2. The solid line is a fit to 1/t5Dq2 with a diffusion
constantD55.693108 Å2/s. The data clearly shows simpl
diffusive relaxation for the range of wave vectors shown.

Using our SAXS measurements, one estimates the co
lation length in Fig. 8 asj5j0t20.6355524 Å, with j0

52.46 Å. From Eq. ~8!, the diffusion constant isD
5kBT/6phj. Replacing for the known viscosity, the Stoke
Einstein relation results in an estimate ofD57.71
3108 Å/s, which is in fairly good agreement with our est
mate ofD from the slope of Fig. 8.

Previous light scattering results of the relaxation rate
n-hexane–nitrobenzene use a mode coupling theory to
plain the complete wave vector dependence of the relaxa
rate@14#. In these theories, the normalized critical relaxati
rateG* 56phG/(kBTq3) versusx5qj follows a Kawasaki-
Low approximation. For smallx!1 in the hydrodynamics
regime,G* }1/x, while in the critical regime forx@1, the
normalized relaxation rate is constant. The crossover reg
is aroundx51. Result obtained by Chenet al. ranged inx
from 0.006 to 51@14#. They were able to distinguish subtl
effects where more complicated theories including a n
critical background relaxation rate needed to be includ
with the critical component to explain the data over the f
range of x. Such largex were accessible because th
reached within 3 mK of the critical point. We probed th
crossover region up tox51.4 in this study. To probe largerx
than light scattering measurements could reach, one
have to get much closer toTc than we have, and probe highe
wave vectors. It is possible that our critical data were
fected by temperature gradients generated by the pink be
Back of the envelope calculations derived in Appendix
show that temperature differences on the illuminated volu
are of the order of 8 mK for a small pink beam. Also th
center of the illuminated area could be 97 mK warmer th
the sample holder. Future studies should consider redu
the incident flux by making the bandwidth a factor 1
smaller and improving detector collection efficiency thou
the use of parallel detection with a fast CCD detector.

In summary, we have performed a SAXS study of t
binary mixturen-hexane–nitrobenzene near its critical poin
We extracted the critical component of the measured s
tered intensity from the data by fitting the data to a scal
form. Within the accuracy of the data, the critical expone
7-7
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observed are consistent with previous light scattering m
surements. We reported the absolute x-ray scattering c
section of the mixture and compared it to an approxim
theoretical expression. This approach is helpful in determ
ing good candidates for XPCS.

We performed XPCS on the mixture at a fixed tempe
ture of about 63 mK above the critical point. With a pin
beam providing an additional two decades of coherent
over our monochromatic SAXS measurements, we were
to measure a scattered intensity of several hundred cou
per speckle above the critical point. Although this mixture
composed of low molecular weight hydrocarbons, it ha
large x-ray contrast and x-ray penetration depth, wh
makes it a good scatterer for XPCS. Using a hardware
relator we were able to measure the XPCS dynamic corr
tion function on a simple binary fluid. Although rather fa
(250 ms), we were able to measure the correlation functio
with sufficient signal to noise ratio within an hour of colle
tion time. This x-ray PCS measurement would not have b
possible without the large coherent flux provided by a th
generation source such as the Advanced Photon Source
diffusion constant deduced from the XPCS measuremen
consistent with the estimates from light scattering meas
ments.

These measurements demonstrate the feasibility of u
XPCS to study the dynamics of even such weak scattere
these low molecular weight hydrocarbon fluid mixtures. T
further demonstrates the general applicability of XPCS t
wide variety of materials. We found no detectable signs
radiation damage in these mixtures even under the high
tensity of a pink undulator beam at a third generation sou
such as the APS. We believe that other fluid mixtures sho
also scatter sufficiently to study critical dynamics in a n
range of large wave vectors previously inaccessible. Stu
of binary fluids in confined geometries should also ben
from this technique.
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APPENDIX A: COHERENT CONDITIONS

It is well known that the longitudinal coherent conditio
will be satisfied for small scattering angles 2u such that the
largest path difference in the sampleD2u1tu2/2, l l , where
D55 mm is the beam size,t53 mm is the sample thick-
ness, andu!1. Here the second quadratic term is negligib
and the limiting angleu50.5l l /D50.18 mrad. This scatter
ing angle yields a limiting wave vectorq54p/lu,1.6
31023 Å21.

Given that the sample sits about 26 cm from the coh
ence limiting slit A2, the beam diffracts out, thus the bea
size on the sample which defines the speckle size in
detector plane is larger than 5mm. The beam size on the
sample is approximatelyDs5AD21l2Rc

2/D2, where Rc

50.263 m is the coherence slit-sample distance, andD
55 mm the opening of aperture A2. One finds thatDs
58.8 mm. The speckle size in the detector plane will th
be lRd /Ds520 mm, with a sample to detector distanc
Rd51.24 m.

APPENDIX B: ESTIMATES OF THERMAL GRADIENTS

We estimate the thermal profile induced by the beam
suming the following boundary conditions: a cylindric
sample with radiusr 1 and thicknessDz, illuminated by a
circular x-ray beam of radiusr 0,r 1. The cooling block has
a fixed temperatureT(r 5r 1)5T1. Assuming that the heat is
absorbed uniformly throughout the sample thickness,
can solve the two-dimension heat equation and show
largest temperature difference isDTmax5T(0)2T(r 1)
5P/(2pkDz)* @ ln(r1 /r0)10.5#, wherek is the heat conduc-
tivity, and P the absorbed power in the sample. One can a
show that the temperature difference between the center
edge of the beamDTbeam5T(0)2T(r 0)5P/(4pkDz). For
the hexane-nitrobenzene mixture we further approximate
thermal conductivity of the mixture to be that of pure hexa
with k50.123 mW/(K mm). The pink beam power isP
550.3 mW and the measured absorption factor was 70.5
The sample diameter was 3.5 mm, the thickness was 3 m
and we assume that the beam was circular with a radiur 0

55 mm such thatpr 0
25Ds

2 . Replacing these values, on
finds DTbeam57.6 mK, DTmax597 mK.
l.
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